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Impaired Synaptic Function in the Microglial KARAP/
DAP12-Deficient Mouse
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Several proteins are expressed in both immune and nervous systems. However, their putative nonimmune functions in the brain remain
poorly understood. KARAP/DAP12 is a transmembrane polypeptide associated with cell-surface receptors in hematopoeitic cells. Its
mutation in humans induces Nasu-Hakola disease, characterized by presenile dementia and demyelinization. However, alteration of
white matter occurs months after the onset of neuropsychiatric symptoms, suggesting that other neuronal alterations occur in the early
phases of the disease. We hypothesized that KARAP/DAP12 may impact synaptic function. In mice deficient for KARAP/DAP12 function,
long-term potentiation was enhanced and was partly NMDA receptor (NMDAR) independent. This effect was accompanied by changes in
synaptic glutamate receptor content, as detected by the increased rectification of AMPA receptor EPSCs and increased sensitivity of
NMDAR EPSCs to ifenprodil. Biochemical analysis of synaptic proteins confirmed these electrophysiological data. In mutants, the AMPA
receptor GluR2 subunit expression was decreased only in the postsynaptic densities but not in the whole membrane fraction, demon-
strating specific impairment of synaptic receptor accumulation. Alteration of the BNDF-tyrosine kinase receptor B (TrkB) signaling in
the mutant was demonstrated by the dramatic decrease of synaptic TrkB with no change in other regulatory or scaffolding proteins.
Finally, KARAP/DAP12 was detected only in microglia but not in neurons, astrocytes, or oligodendrocytes. KARAP/DAP12 may thus alter

microglial physiology and subsequently synaptic function and plasticity through a novel microglia-neuron interaction.
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Introduction

Several proteins thought to be specific for the immune system
have been detected in the brain. For example, expression of the
class-I major histocompatibility complex (MHC-I), the 32 mi-
croglobulin, the transporter associated with antigen processing
(TAP-1) (Neumann et al., 1995), CD3/, a signaling polypeptide
associated with the T-cell receptor (TCR) (Corriveau etal., 1998),
and the TCR- mRNA (Syken and Shatz, 2003) have been de-
tected in the nervous system. Yet, the precise identity of cells
expressing these proteins and mRNAs remains controversial
(Neumann et al., 1995; Corriveau et al., 1998; Linda et al., 1999).
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Even more rudimentary is the understanding of their putative
nonimmune function as well as the relationship between the im-
mune response and the synaptic function (Corriveau et al., 1998;
Hubh et al., 2000).

Expression of KARAP/DAP12, a 12 kDa transmembrane
polypeptide structurally and functionally related to CD3¢ (Olcese
etal., 1997; Lanier et al., 1998), has recently been described in the
brain and in primary cultures of microglia and oligodendrocytes
(Kaifu et al., 2003). In the immune system, KARAP/DAP12 has been
detected in lymphoid cells and in cells derived from the myeloid
lineage (Bouchon et al., 2000; Lucas et al., 2002). KARAP/DAP12
and CD3{ bear an intracytoplasmic immunotyrosine-based activa-
tion motif (ITAM) and associate with a variety of cell-surface recep-
tors, including MHC-I receptors (Lanier, 2001).

Human mutations of KARAP/DAP12 induce polycystic li-
pomembranous osteodysplasia with sclerosing leukoencepha-
lopathy (PLOSL; Nasu—Hakola disease; OMIM 604142), charac-
terized by bone cysts and psychotic symptoms rapidly
progressing to presenile dementia (Paloneva et al., 2000, 2001). A
strong demyelinization is observed in PLOSL patients (Paloneva
et al.,, 2001) as well as in the thalamus of KARAP/DAP12-
deficient adult mice (Kaifu et al., 2003). In humans, white-matter
alterations can only be detected several months or years after the
onset of presenile dementia symptoms (Bianchin et al., 2004),
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likely reflecting more subtle alterations associated with earlier
phases of the disease. Synaptic defects have been proposed to
account for the early onset of some dementias (Terry and Katz-
man, 2001; Selkoe, 2002). Synaptic defects resulting from
KARAP/DAPI12 deficiency might thus be partly responsible for
the early PLOSL symptoms. Interestingly, CD3{-deficient mice
exhibit an alteration of synaptic plasticity (Huh et al., 2000).

The role of KARAP/DAP12 in synaptic function and plasticity
was investigated here at the Schaffer collateral (SC) synapses onto
CAl pyramidal neurons synapses in mice bearing a loss-of-
function mutation in the KARAP/DAP12 encoding gene (re-
ferred to as KA75) (Tomasello et al., 2000). We report that, al-
though expression of KARAP/DAP12 is restricted to perinatal
microglia, its loss of function leads to important alterations in
synaptic function and plasticity with a dramatic decrease in syn-
aptic expression of the BDNF receptor tyrosine kinase receptor B
(TrkB). These results demonstrate a novel regulation of synaptic
function through a microglia—neuron interaction.

Materials and Methods

Animals. We used KA75 mice, in which the mutated KARAP/DAP12
protein lacks the Y75 residue and wild-type (WT) C-terminus amino
acids (Tomasello et al., 2000). The resulting KA75 polypeptide is ex-
pressed but not functional. KA75 mice were backcrossed seven or eight
times with C57BL/6]/Rj mice. Another KARAP/DAP12 mutant mouse
line also lacking functional protein has been described previously (Kaifu
etal., 2003). It is worth noting that, as observed in this mouse line, KA75
mice display osteopetrosis and thalamic hypomyelinosis in old animals
(data not shown and P. Jurdic and S. Nataf, personal communication)

Electrophysiology. Hippocampal slices were prepared from 18- to 25-
d-old WT (n = 14) or KA75 (n = 22) mice as described previously
(Poncer and Malinow, 2001). Whole-cell recordings were obtained from
CA1 pyramidal cells using borosilicate glass microelectrodes (2-5 M())
containing (in mMm) 115 CsMeSO;, 20 CsCl, 10 HEPES, 0.1 EGTA, 4
Mg-ATP, 0.4 Na;-GTP, and 10 Na-phosphocreatine. When inward rec-
tification of AMPA receptor (AMPAR) currents was examined, 100 um
spermine was added to the internal solution. EPSCs were evoked by
extracellular stimulation of Schaffer collateral afferents while holding
cells at either —60 or +40 mV. EPSCs were isolated by addition of bicu-
culline methochloride (20 um) after a cut was made between CA3 and
CALl areas. Long-term potentiation (LTP) was induced by pairing 200
stimuli delivered at 2 Hz while holding cells at 0 mV, as described previ-
ously (Poncer and Malinow, 2001). Signals were filtered at 1 kHz, sam-
pled at 10 kHz, and analyzed using the pClamp8 software suite (Axon
Instruments, Union City, CA). For display, stimulation artifacts were
digitally subtracted. Values are expressed as mean * SEM. Statistical
significance was estimated using Wilcoxon (paired) or Mann—Whitney
(unpaired) rank—sum tests performed under SPSS (Chicago, IL) Sigma-
Stat software.

Glial culture. Hippocampi were dissected from newborn [postnatal
day 2 (P2)] Swiss mice and dissociated by incubation in trypsin followed
by trituration through a fire-constricted Pasteur pipette in DNase. Cells
were plated onto glass poly-ornithine-coated coverslips in MEM with
10% fetal calf serum (PAA Laboratories, Linz, Austria) and grown until
apparition of microglial cells and oligodendrocytes among the astrocytes.

Histochemistry. Cultured cells: coverslips were fixed in 4% paraformal-
dehyde (PFA) with 4% sucrose, permeabilized in 0.1% Triton X-100 plus
0.25% gelatin, and then immunostained. I situ: brains from embryonic
and newborn mice were fixed by immersion overnight (o/n) in 4% PFA.
Brains from P8 and P15 mice were obtained by intracardiac perfusion
with 4% PFA and 4 hr postfixation. Then, they were incubated o/n in PBS
plus 20% sucrose (4°C) before rapid freezing. Cryostat sections (12 um)
were incubated o/n at 4°C with primary antibodies in PBS plus Triton
X-100 and gelatin. Secondary antibodies were applied sequentially for 1
hr each. When other fixation and labeling protocols were used, nonspe-
cific labeling (not displaced by purified protein) was consistently ob-
served, particularly in neurons. Sections were stained with thionine for
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Nissl staining. Primary antibodies were: goat anti-DAP12 A20 (0.1 ug/
ml; Santa Cruz Biotechnology, Santa Cruz, CA) [comparable results with
arabbit anti-DAP12 (Aoki etal., 2000)], rabbit anti-GFAP (1:500; Sigma,
St. Louis, MO), rabbit anti-ionized calcium-binding adaptor molecule 1
(Ibal) (1:500) (Ito et al., 1998) and anti-NG2 (1:600; Chemicon, Te-
mecula, CA), mouse anti-galactocerebroside (GalC; 1:10), rat anti-F4/80
IgG2b (1:100; Serotec, Oxford, UK). Secondary antibodies were: donkey
anti-sheep-cyanine 3 (1:400), anti-goat-Texas Red (1:100), or anti-rabbit-
FITC (1:400) (Jackson Laboratories, West Grove, PA), horse anti-
mouse-FITC (1:100; Vector Laboratories, Burlingame, CA), goat anti-
rabbit-Alexa 488 (1:200; Molecular Probes, Eugene, OR). Images were
acquired on a Leica (Nussloch, Germany) DMRD microscope equipped
with a MicroMax camera and the MetaMorph Image Analysis System
(Princeton Instruments, Trenton, NJ).

Preparation of postsynaptic densities. Preparation and analysis of the
postsynaptic density (PSD) fraction were performed essentially as de-
scribed previously (Smalla et al., 2000). Briefly, cerebral cortices and
hippocampi from 30-d-old WT or KA75 littermates (n = 5 for each
genotype) were homogenized in homogenization buffer (5 mm HEPES,
pH 7.4, 320 mm sucrose) containing a protease inhibitor mixture (Roche
Applied Science, Meylan, France). Nuclei were removed by 1000 X g
centrifugation. The supernatant was spun at 100,000 X g for 30 min at
4°C. The pellet (considered as the crude membrane fraction) was resus-
pended and solubilized for 1 hr in 5 mwm Tris, pH 8.1, 0.5% Triton X-100,
320 mm sucrose (buffer A) and then centrifuged at 100,000 X gfor 1 hrat
4°C. The resulting detergent-resistant pellet was resuspended in buffer A
and spun at 100,000 X g for 1 hr at 4°C. The final pellet represents a
protein fraction particularly enriched in PSD proteins and is hereafter
referred to as the PSD fraction.

Immunoblots. Equal amounts of the PSD fraction and membrane frac-
tion were applied onto 8% SDS-PAGE and transferred on to polyvinyli-
dene difluoride membrane. Antibodies against the following antigens
were used: synapse-associated protein-90 (SAP-90)/PSD-95 (1:2000;
Transduction Laboratories, Lexington, KY), neuronal nitric oxide syn-
thase (nNOS; 1:1000; Transduction Laboratories), Capon (1:200; Santa
Cruz Biotechnology), TrkB (1:1000; Transduction Laboratories), NR1
(1:1600; Chemicon), NR2A (1:1000; Upstate Biotechnology, Milton
Keynes, UK), NR2B (1:250; Upstate Biotechnology), glutamate receptor
(GluR) 1 (1:100; Chemicon), and GluR2 (1:100; Chemicon). Horserad-
ish peroxydase-labeled anti-rabbit or anti-mouse antibodies (1:5000)
were used as secondary antibodies. Immunoblots were processed with the
ECL system (Amersham Biosciences, Orsay, France). Western blots were
analyzed using Image Gauge software (Fujifilm, Paris, France). The mean
densitometric value and the SEM were calculated from five or three
animals of each genotype for the PSD fraction and the membrane frac-
tion, respectively. Statistical analysis was performed with a one-tailed
paired Student’s ¢ test.

Results
Enhanced hippocampal LTP in KA75 mice
To study the role of KARAP/DAP12 in synaptic function, we used
KA75 mice, in which KARAP/DAP12 protein lacks the Y75 resi-
due and WT C-terminus amino acids (Tomasello et al., 2000).
The resulting KA75 polypeptide is expressed but not functional
(Tomasello et al., 2000). No obvious neurological symptoms
could be detected in KA75 mice up to the fourth week of postna-
tal life, and the gross anatomy of the hippocampal formation was
unaltered compared with wild-type mice (Fig. 1A). Previous
work revealed enhanced LTP in glutamatergic SC inputs onto
hippocampal CA1 pyramidal neurons in mice genetically defi-
cient for the ITAM-bearing KARAP/DAP12-related polypeptide
CD3/{ (Huh et al., 2000). To evaluate the role of KARAP/DAP12
in synaptic function, we analyzed the properties of SC synapses
onto CAl neurons in KA75 mice.

We first compared LTP in WT and KA75 mutant mice. In WT
mice, a pairing protocol associating 2 Hz afferent stimulation
with postsynaptic depolarization to 0 mV induced a robust LTP
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we suggest that this component contributes

VT to the enhanced LTP in KA75 by ~50%.

KARAP/DAP12 disruption thus impacts on
hippocampal synaptic plasticity.

Impaired properties of excitatory
synapses in KA75 mice

The existence of an NMDAR-independent
LTP in KA75 mice suggests that repetitive
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(276 = 15% of control) with a moderate decay to 204 = 13% after
the first 15 min of induction (n = 9) (Fig. 1B). In KA75 mice,
however, the same induction protocol produced a significantly
larger potentiation (435 = 19%; n = 14; p < 0.05) with a smaller
decay than in WT after 15 min of induction (398 * 23%; p <
0.05). The increased LTP in KA75 mice was not associated with a
difference in glutamate release probability at Schaffer collateral
inputs, as reflected by the similar paired-pulse ratio values in WT
and KA75 mice (1.57 = 0.13 and 1.71 = 0.16, respectively, for an
interstimulus interval of 50 msec; p = 0.69).

Induction of LTP requires postsynaptic Ca>" influx, usually
through NMDA receptors (NMDARs) (Malenka and Nicoll,
1993). We thus examined the NMDAR dependence of LTP in
WT and KA75 mice (Fig. 1C). A pairing protocol delivered in the
presence of the specific NMDAR antagonist D-2-amino-5-
phosphonopentanoate (D-AP5; 50 uMm) failed to produce persis-
tent changes in the amplitude of evoked EPSCs in WT mice (94 =
15% of control immediately after pairing and 103 *= 26% of
control 15 min after pairing; n = 5; p = 0.69 and 0.81, respec-
tively). In contrast, pairing delivered in the presence of D-AP5 in
KA75 mutants caused a slowly developing yet significant poten-
tiation of EPSCs (134 * 6% of control immediately after pairing
and 195 & 13% after 15 min; n = 9; p < 0.01). We conclude that
LTP at SC synapses onto CA1 pyramidal neurons is increased in
KA75 mutants compared with WT and that this increase partly
reflects a NMDAR-independent component of LTP. Because
LTP in KA75 was approximately threefold larger than in WT
mice and NMDAR-independent LTP was increased by ~100%,
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Enhanced hippocampal LTP in KA75 mice. A, Niss| staining of sagittal sections of hippocampus from WT and KA75
mice at P20. Scale bar, 200 wm. B, LTP of Schaffer collateral inputs onto CA1 pyramidal cells. A potentiation of 204 == 13% of the
EPSC was induced in WT mice (open symbols). In KA75 (filled symbols), the same pairing protocol induced a significantly larger
potentiation of 398 = 23% ( p << 0.05). Top, Original traces from individual experiment (average of 15 consecutive EPSCs).
Bottom, Averaged data from 9 and 14 recordings, respectively. Each point represents the mean amplitude of five consecutive
EPSCs. G, In the presence of the NMDAR antagonist p-AP5 (50 um), no potentiation was induced by the same pairing protocol in
slices from WT mice (103 == 26%; n = 5; p = 0.81). In contrast, a potentiation of 195 = 13% was induced in slices from KA75
mice (n = 9; p << 0.01). Inset, The EPSC recorded in the presence of o-AP5 was entirely suppressed by the AMPAR antagonist
2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[flquinoxaline (NBQX ; 20 wum). D, Compared effects of 200 stimulations delivered at 2 Hz
(pairing) in CA1 cells from KA75 mice while holding the postsynaptic cell at 0 mV (circles), —60 mV (squares), or 0 mV (triangles)
in the presence of 1 mm BAPTA and 10 mm EGTA in the patch-pipette solution (n = 9, 6, and 7 cells, respectively). Error bars

synaptic stimulations may lead to postsyn-
aptic calcium influx independent of
NMDAR activation. We first tested this
hypothesis in recordings made with inter-
nal solution containing the calcium chela-
tors EGTA (10 mMm) and BAPTA (1 mm).
In these conditions, no potentiation was
induced by a pairing protocol delivered in
the presence of b-AP5 (90 = 0.5% of con-
trol immediately after pairing and 94 =
0.5% after 15 min; n = 7) (Fig. 1 D), dem-
onstrating that the NMDAR-independent
potentiation in mutant mice indeed de-
pends on postsynaptic calcium. A form of
Ca*"-dependent, NMDAR-independent
LTP has been described in mice lacking
the GluR2 subunit of AMPARs (Jia et al.,
1996). In these mice, postsynaptic Ca*™
influx was carried by Ca**-permeable,
GluR2-lacking AMPARs (Burnashev et
al., 1992). If NMDAR-independent LTP
in KA75 mice was caused by Ca®" influx
through GluR2-lacking AMPARs, it
should persist when the cell is held at —60
mV during afferent stimulation. We indeed
observed significant LTP when “pairing”
was delivered while holding the postsynaptic cell at —60 mV (150 =
7% of control immediately after pairing and 142 * 5% after 15 min;
n = 6) (Fig. 1D). However, the later phase of LTP was reduced
compared with that obtained while holding the cell at 0 mV (142 *
5vs 195 = 13% of control) suggesting that other voltage-dependent
sources of Ca*>* may be recruited during pairing in KA75 mice. We
did not, however, pursue this issue further.

Ca** permeability and the current—voltage (I-V') relation-
ship of AMPARs are both determined by GluR2 subunits:
whereas AMPARs containing GluR2 are Ca** impermeable and
show linear I-V relationships, AMPARs lacking GIuR2 are Ca**
permeable and show complete inward rectification (Verdoorn et
al., 1991; Burnashev et al., 1992). To test whether SC synapses
onto CA1 neurons express Ca’"-permeable AMPARs in KA75
mice, we compared the rectification of AMPAR-mediated EPSCs
in CA1 pyramidal cells in WT and KA75 mice (Fig. 2A). We
recorded EPSCs at —60 and +40 mV, and the ratio of these
amplitudes was used as a rectification index (Hayashi et al.,
2000). In WT mice, this index was 2.0 0.3 (n = 6), as described
previously (Hayashi et al., 2000). In KA75 mice, however, this
ratio was significantly higher (3.9 = 0.7;n = 11; p < 0.04), a value
comparable with that observed in neurons overexpressing
GluR2-lacking receptors (Hayashi et al., 2000). This demon-
strates that SC—CA1 synapses in KA75 mice express Ca’*-
permeable AMPARs, most probably lacking the GluR2 subunit.

At a variety of central synapses (Pickard et al., 2000; Kumar et
al., 2002), GluR2 content is low in immature synapses and pro-
gressively increases as synapses mature. This raised the intriguing
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Figure2. Altered AMPAR- and NMDAR-mediated EPSCsin KA75 mice. A, AMPAR-mediated

EPSCs recorded at —60 and + 40 mV in the presence of bicuculline and b-AP5. Left, Sample
traces showing more prominent inward rectification of EPSCs recorded in CA1 pyramidal cells
from KA75 than from WT mice. The amplitude ratio of the EPSC recorded at —60 and +40 mV
was used to compute a rectification index. Right, Averaged data from 11 KA75 and six WT cells,
respectively. The rectification index of AMPAR-mediated EPSCs was 2.0 = 0.3 in WT mice and
3.9 0.7 in KA75 mice ( p < 0.03). B, NMDAR-mediated EPSCs recorded at +40 mV in the
presence of bicuculline and 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[flquinoxaline (NBQX; 20
). The effect of the NR2B-specific antagonist ifenprodil (5 1) was much more pronounced
in cells from KA75 than wild-type mice (—33 == 8and —5 == 6% of control, respectively; n =
5for each group; p << 0.01). Error bars represent SEM.

possibility that KARAP/DAP12 mutation might interfere with
glutamatergic synapse development. During development, the
NMDAR subunit NR2B is progressively replaced by the NR2A
subunit (Monyer at al., 1994). The NR2B subunit confers
NMDAR with distinctive biophysical and pharmacological prop-
erties, including higher sensitivity to the antagonist ifenprodil
(Williams et al., 1993). To evaluate the contribution of NR2B
subunit to the composition of NMDARs, we compared the sen-
sibility of NMDAR EPSCs to ifenprodil in WT and mutant mice.
Figure 2 B shows that evoked NMDAR currents in neurons from
WT mice were not significantly affected by ifenprodil, as expected
at this developmental stage (1825 d; 95 = 6% of control; n = 5;
p = 0.44). In contrast, ifenprodil significantly depressed
NMDAR currents in neurons from KA75 mice to 67 * 8% of
control (n = 5; p < 0.01). Therefore, hippocampal synapses of
mutant mice display altered functional properties with a de-
creased AMPAR GluR2 content and probably an increased
NMDAR NR2B content.

Decreased synaptic AMPARs and TrkB in KA75 mice

To further substantiate the characterization of KA75 mutant syn-
apses, we undertook biochemical analysis of synaptic proteins in
mutant and WT mice. Synaptic glutamate receptors are orga-
nized by the PSD, and we first examined the amount of glutamate
receptors subunits in the PSD fractions (Fig. 3A,B). Levels of

Roumier et al.  Regulation of Synaptic Function by Microglia

A PSDs C PSDs
WT Ka75 WT KA75

NR1 PSD95 & &8 &= &=

NR2A s v v == NNOS == = =

NR2B ww w» o o Capon == s = ==

mb
WT  Ka75

B PSDs
WT KA75

GIUR2 s e o

- es W == - gpl45
W s W e - gpos

TrkB

O

100 —

w
o
|

Protein content in PSDs
(% of control)

GluR1GluR2 TrkBE NR1 NR2A NR2B PSD95 nNOS Capon

Figure 3.  Specific alteration in protein content of PSD fraction in KA75 mice demonstrated
by Western blot analysis. A, Synaptic NMDA receptor subunits are not modified. B, Decreased
AMPA receptor subunits and TrkB (gp145) inimmunoblots of PSD. Proportions are not modified
in the whole membrane fractions (mb). Note that truncated TrkB (gp95) is detected in the
whole membrane fractions but not in the PSDs, confirming the purity of the PSD preparation
(Wuelal., 1996). C, Unaltered synaptic contents of the signaling protein nNOS and Capon and of
PSD-95/SAP-90 in KA75 mice. D, Changes in the PSD fraction quantified by densitometric
quantification. Data are expressed as percentage of control (mean == SEM). n = 5 animals for
each genotype; **p << 0.01; ***p < 0.001; Student’s ¢ test.

both GluR1 and GluR2 subunits were significantly reduced in the
PSDs of the mutant mice compared with WT (GluR2, 61 £ 1%j;
GluR1, 80 = 3%; n = 5; p < 0.005) (Fig. 3B). In agreement with
the higher rectification of AMPARs observed in mutant mice,
GluR2 amount in PSD decreased 1.3-fold more than GluR1
amount (n = 5; p < 0.05). Interestingly, no significant change in
the AMPAR subunit levels was visible in the whole membrane
fraction (GluR1, 90 = 18% of control; GluR2, 85 *= 14% of
control; n = 3; p = 0.85 and 0.94, respectively) (Fig. 3B). These
results suggest that the KARAP/DAP12 loss-of-function muta-
tion affects synaptic accumulation of GluR1 and GluR2 without
interfering with their cellular expression levels. Despite the
higher ifenprodil sensitivity of NMDARs in mutant mice, sugges-
tive of an increased NR2B content, we could not detect significant
changes in the amounts of NR1, NR2A, and NR2B subunits in the
PSDs of WT and mutant animals (Fig. 3A,D).
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Neurotrophins are known to modulate synaptic transmission
and LTP (Klintsova and Greenough, 1999). In particular, BDNF
affects NMDAR function through phosphorylation of NR1 and
NR2B subunits (Levine et al., 1998; Levine and Kolb, 2000) and
promotes AMPAR trafficking to synaptic sites (Itami et al., 2003).
We thus hypothesized that impairment of BDNF signaling might
be responsible for the synaptic phenotype observed in KA75
mice. We tested this hypothesis by analyzing the synaptic expres-
sion of the BDNF receptor TrkB (Fig. 3B), which revealed a dra-
matic decrease of the full-length TrkB isoform (145 kDa) content
in PSDs from mutant mice (15 % 2% of control; n = 5; p < 0.003)
(Fig. 3B) with no significant change in the whole membrane frac-
tion (107 = 7% of control; n = 5; p = 0.65). Note that the
truncated isoform of TrkB (95 kDa) was not detected in the PSD
fraction, confirming the purity of this preparation (Wu et al.,
1996), and that it was unchanged in the membrane fraction
(102 = 6% of control; n = 5; p = 0.85) (Fig. 3B).

A reduced synaptic expression of TrkB may reflect a more
general alteration of the postsynaptic density. To test this possi-
bility, we examined the expression level of other proteins impor-
tant for glutamate receptor function and/or known to be regu-
lated by synaptic activity in the PSD (Wyneken et al., 2001). As
shown in Figure 3, we observed no change in the relative content
of SAP-90/PSD-95, a major scaffolding protein thought to inter-
act with NMDARs (Kornau et al., 1995) and regulate the avail-
ability of AMPARs in synapses via stargazin (El-Husseini et al.,
2002). Similarly, no change was observed in the expression of the
signaling enzyme nNOS or its interacting protein, Capon (Jaffrey
et al., 1998). These results demonstrate that the KARAP/DAP12
mutation specifically affects the postsynaptic targeting of TrkB.

A3 merge +DAPI

A2
4 13
B2 B3 merge +DAPI
3
4 4
C2
|3 .
~
k

Detection of KARAP/DAP12 in microglial cells but not in astrocytes or oligodendrocytes. Cultures were labeled with
anti-DAP12 antibody (red; A7, B1, (7) and with anti-Iba1 (A2), anti-GFAP (B2), or anti-GalC (C2) antibodies to identify microglia,
astrocytes, and oligodendrocytes, respectively. A3, B3, (3, Merges of DAPI (blue), KARAP/DAP12 (red), and Iba1, GFAP, or GalC
(green) stainings. Arrowheads, KARAP/DAP12-positive cells; arrows, nuclei of KARAP/DAP12-negative cells. Scale bars (in A3, B3,
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KARAP/DAP12 is only expressed

in microglia

We have shown that deficient KARAP/
DAPI12 function affects synaptic proper-
ties in the absence of any morphological
defect, raising the question of the identity
of the cell type expressing this protein in
the hippocampus. Detection of KARAP/
DAPI12 in myeloid cells suggests that it
might be expressed in microglia (Bakker et
| 3 al, 2000). This was confirmed recently in
purified and cultured cells by reverse tran-
scription PCR (RT-PCR), Northern blots,
and Western blots (Kaifu et al., 2003). This
study also revealed expression of KARAP/
DAP12 in oligodendrocytes. However,
these results were not confirmed at the
histochemical level.

In mixed glial culture (Fig. 4), KARAP/
DAP12 immunoreactivity (IR) was only
detected in cells positive for the
microglial-specific marker Ibal (Fig. 4A)
(Ito et al., 1998), demonstrating KARAP/
DAPI12 expression in microglia. Lower
KARAP/DAP12-IR could be observed in
more ramified, differentiated microglial
cells (data not shown) but not in astro-
cytes characterized by GFAP expression
(Fig. 4B), in mature oligodendrocytes
characterized by GalC-IR (Fig. 4C) (Ran-
schtetal., 1982), or in oligodendrocytes at
earlier stages of differentiation character-
ized by O4-IR or A2B5-IR (data not shown). We conclude that, in
our experimental conditions, KARAP/DAP12 expression is
found only in microglia.

We next investigated the expression pattern of KARAP/
DAPI12 in the developing hippocampus. At embryonic day 17
(E17), a few amoeboid microglia identified by their Ibal-IR had
started to invade the hippocampus and were mainly located next
to the pial surface and in the fimbria (Fig. 5A1, arrows). At this
stage, only a few microglial cells displayed KARAP/DAP12-IR
(Fig. 5A2,A3, arrowheads). At PO, the density of microglial cells
increased (Fig. 5BI, arrows). They were distributed mainly close
to the pial surface, in the hippocampal fissure, but also in the
parenchyma in the strata radiatum and oriens. Most, but not all,
amoeboid microglia displayed KARAP/DAP12-IR (Fig. 5B3, ar-
rowheads), and in accordance with the in vitro observations,
more differentiated primitive ramified microglia expressed a
lower level of KARAP/DAP12 (data not shown). Kaifu et al.
(2003) detected KARAP/DAP12 transcripts and protein at all
stages of oligodendrocytes development in culture. We thus ex-
amined KARAP/DAPI12 expression in oligodendrocytes in situ.
At PO, NG2-positive cells were numerous, in particular in the
fimbria (Fig. 5B2, arrows), but none of them displayed KARAP/
DAPI12-1IR (Fig. 5B2,B3). This shows that NG2-positive oligo-
dendrocytes (Ong and Levine, 1999) do not express KARAP/
DAP12. At a later stage (P17), microglial cells were mostly
ramified and distributed all over the hippocampus (Fig. 5CI,
arrowheads), but KARAP/DAP12-immunopositive cells could
not be detected (Fig. 5C2). At all stages examined, the anatomi-
cally identified neurons of the pyramidal layer were never stained
(Fig. 5C). Similarly, the CD3¢ protein and corresponding mRNA
were not found in neurons by immunohistochemistry or RT-
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PCR (data not shown). We therefore con-
clude that KARAP/DAP12 is expressed in
microglia but not in neurons, astrocytes,
or oligodendrocytes.

Discussion

KARAP/DAP12 is an ITAM-bearing
polypeptide first described in cells of the
innate immune system (Olcese et al., 1997;
Lanier, 2001). In this report, we investi-
gated its synaptic function in brain, based
on its involvement in a human neurolog-
ical disease (Paloneva et al., 2000, 2001)
and its structural and functional similarity
with CD3{ (Tomasello et al., 2000). We
show that KARAP/DAP12 expression in
the hippocampus is restricted to microglial
cells and that its loss of function leads to
modifications in glutamatergic transmission
and synaptic plasticity and to major changes
in the composition of the PSDs.

Figure 5.
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A3

Detection of KARAP/DAP12 in the hippocampus during development. A7, B1, Distribution of IbaT-positive microglia
(arrows) in the hippocampus at E17 (A7) and PO (B7). A2, A3, (1, (2, Iba1-positive microglia (green; A2, () display KARAP/

DAP12-IR at E17 (red; A3, arrowheads) but not at P17 (C2, arrows). B2, B3, At PO, NG2-positive oligodendrocytes (B2, arrows) are

KARAP/DAP12 mutation induces a
synaptic phenotype in mutant mice

We have shown that the function of both
NMDARs and AMPARs at synapses
formed onto CA1 pyramidal cells was altered by the functional
inactivation of KARAP/DAP12. The physiological properties of
AMPAR EPSCs recorded in CA1 neurons are consistent with the
biochemical analysis of the PSD fractions. We observed an in-
creased inward rectification of AMPAR EPSCs in KARAP/DAP12
mutants, suggestive of a reduced synaptic GluR2 content (Geiger
et al., 1995). Accordingly, a reduced synaptic recruitment of
GluR2 was observed in KA75 mice. The greater calcium perme-
ability of AMPARs lacking the GluR2 subunit has important
functional consequences. In mice deficient for GluR2 (Jia et al.,
1996), a form of NMDAR-independent LTP was observed. Consis-
tent with this observation, we also observed NMDAR-independent
LTP in KA75 mice. However, this form of LTP shows a slower
onset than that observed in GluR2-deficient mice and is not en-
tirely conserved during pairing at —60 mV. These results suggest
that NMDAR-independent LTP in KA75 may not entirely rely on
Ca**-permeable AMPARSs. Instead, this form of LTP might arise
from a voltage-dependent synaptic source of calcium elevation or
a potentiation mechanism acting downstream of Ca*" influx.
Finally, such a slowly developing, NMDAR-independent form of
LTP in KA75 may partly contribute to enhanced LTP observed in
these mice. It might also be responsible for the lesser decay of LTP
observed in mutant animals (—8 vs —26% within the first 15 min
after induction). These mechanisms and their relative contribu-
tion to the facilitation of LTP in KA75 remain to be clarified
further.

It has been proposed that LTP results from the delivery of
functional AMPARs into “NMDAR-only” silent synapses (Mali-
now and Malenka, 2002). The reduced expression of synaptic
AMPARSs observed in KA75 mice is compatible with a greater
proportion of silent synapses in these mice. In addition, the TrkB
ligand BDNF converts silent synapses into functional ones by
activating the delivery of AMPAR to synaptic sites (Itami et al.,
2003). Accordingly, we found a strikingly lower expression of
TrkB in PSD fractions from mutant mice with the overall levels
of AMPARs and TrkB unchanged, suggesting that a larger pool of
these receptors might be available for rapid synaptic recruitment.

mater.

not KARAP/DAP12 positive (B3, arrowheads). Scale bars: A7, B1, 50 wm; (in A2, B2) A2, A3, B2, 83,10 wm; (in C2) (7, (2, 50 um.
AH, Ammon’s horn; cp, choroid plexus; Fi, fimbria; HiF, hippocampal fissure; lv, lateral ventricle; py, pyramidal cell layer; pia, pia

Although we did not specifically address this issue at the physio-
logical and electron microscopy levels, we suggest that a larger
fraction of synapses may remain silent in KA75 mice, and LTP
might thus be enhanced as the consequence of a greater conver-
sion of silent synapses into functional ones.

Some reports have suggested that genetic background may
influence LTP induction and expression (Nguyen et al., 2000).
This influence is unlikely in the KA75 mice, because they were
backcrossed seven times to C57BL/6 mice. In addition, mutations
most often abolished, and not increased, LTP (Sanes and Licht-
man, 1999), and the modifications of the synaptic parameters
observed in KA75 mice are all compatible with an increased LTP.
Finally, LTP was also enhanced in mice genetically deficient for
the KARAP/DAP12-related CD3{ (Huh et al., 2000). It is thus
likely that the increased LTP in KA75 mice results from a dys-
function of KARAP/DAP12 rather than from unspecific genetic
differences.

In the CD3{ mice, the mechanisms of increased LTP were not
investigated in detail. However, no NMDAR-independent LTP
was reported, in contrast to the present study. Therefore, CD3¢
and KARAP/DAPI12, although they share structural and func-
tional similarities, may affect synaptic function through partially
distinct mechanisms. This may reflect different expression pat-
terns. Whereas KARAP/DAP12 was only detected in developing
microglia, transcripts encoding CD3{ have been detected in lat-
eral geniculate nucleus (Corriveau et al., 1998; Huh et al., 2000)
and in adult hippocampus (Corriveau et al., 1998).

Synaptic NMDARs were more sensitive to ifenprodil in mu-
tant than in WT mice, although NMDAR subunit expression was
unchanged. The higher sensitivity of NMDARs to ifenprodil is
thus unlikely to reflect a higher NR2B content. Instead, two non-
exclusive hypotheses might explain this apparent discrepancy.
First, the splicing of NR1 exon 5 was shown to affect the sensitiv-
ity of NR1/NR2B to ifenprodil (Kashiwagi et al., 1996). KARAP/
DAP12 mutation might thus promote the synaptic insertion of
specific NRI splice variants that could not be discriminated in
our Western blot analysis of the PSD. Alternatively, by homology
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with the decreased sensitivity of NR2A to its specific antagonist
Zn*" by phosphorylation (Zheng et al., 1998), it may be hypoth-
esized that the decreased TrkB content prevented phosphoryla-
tion of NR2B in mutant mice, thus inducing a higher sensitivity
to ifenprodil (Lin et al., 1999).

KARAP/DAP12 expression is restricted to microglia

Our immunohistochemical analysis showed that during develop-
ment, KARAP/DAPI12 is only expressed in amoeboid microglial
cells but not in neurons or oligodendrocytes. KARAP/DAP12 is
expressed in multiple cell types derived from the myeloid lineage
(Bouchon et al., 2000), but its presence in microglia was only
mentioned as unpublished results (Bakker et al., 2000; Paloneva
et al., 2000). Recently, Kaifu et al. (2003) detected KARAP/
DAP12 in immunopurified or cultured microglia but also in oli-
godendrocytes by RT-PCR and Western blots. This is in apparent
contradiction with our results. However, microglia and oligo-
dendrocytes both express Fc receptors (Vedeler et al., 1994; Na-
kahara et al., 2003) and are thus susceptible to bind nonspecifi-
cally the Fc portion of IgGs used to purify or label these cell types.
Therefore, immunopurified cells are likely to be contaminated by
microglia, and expression data obtained from in-mass analysis of
immunopurified cells without appropriate purity controls
should be interpreted carefully. In our study, we have consistently
controlled the specificity of our immunostainings by using nor-
mal, nonimmune sera or irrelevant antibodies (data not shown).
It could be that KARAP/DAP12 expression in oligodendrocytes is
too low to be detected in our conditions. Alternatively, it might be
restricted to an uncharacterized population of oligodendrocytes
derived from the myeloid lineage that was not detected in our
study; however, such a lineage has never been demonstrated
(Vitry et al., 2003). In macrophages, KARAP/DAPI12 expression
depends on the cell activation state and/or differentiation stage
(Aoki et al., 2000). This is in agreement with the differential ex-
pression observed between amoeboid and ramified microglia.
We also found that only a fraction of amoeboid microglial cells
expressed KARAP/DAP12. This suggests that the expression level
of KARAP/DAP12 in the hippocampus might be variable and
that we may not have detected low-expressing cells. Alternatively,
KARAP/DAP12 expression by microglia might be transient.

A link between microglial and synaptic functions
KARAP/DAP12 is detected in microglia around birth, and dis-
ruption of its expression suffices to induce a persistent effect on
the function and plasticity of glutamatergic synapses. This dem-
onstrates that the changes in synaptic properties observed in the
mutant mice are not based on a cell-autonomous mechanism but
rather involve a novel regulatory link between microglial func-
tion and neurons. Yet, it remains unclear whether regulation
occurred directly or indirectly as a consequence of microglial
alterations induced by the mutation of KARAP/DAP12. Micro-
glia express a large repertoire of secreted factors (Cuadros and
Navascues, 1998), and some of them, such as BDNF or NT-3, are
known to regulate synapse maturation and plasticity (Klintsova
and Greenough, 1999). Although hippocampal BDNF content
around birth was not different in mutant and WT mice (data not
shown), KARAP/DAP12 loss-of-function mutation might result
in reduced secretion of other cytokines that may lead to the
observed synaptic phenotype (Mason et al., 2000). Our results
are thus compatible with a model in which microglia control
synaptic TrkB expression, the synaptic recruitment of GluR2-
containing AMPARs, and phosphorylation of synaptic
NMDARs.
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Point mutation in human KARAP/DAPI12, as well as in its
associated receptor TREM-2 (triggering receptor expressed on
myeloid cells-2), induces PLOSL (Paloneva et al., 2000, 2002).
Patients display bone cysts as well as severe neurological symp-
toms including progressive frontal-type dementia. At the histo-
logical level, demyelinization and microglial activation are ob-
served, although no obvious neuronal loss is detected in the
neocortex or hippocampus (Paloneva et al., 2001). Our results
suggest that higher functions may be perturbed as a result of
synaptic defects. More generally, inflammatory reaction with mi-
croglial activation is a common feature of neurodegenerative dis-
eases (Wyss-Coray and Mucke, 2002). Because synaptic disorders
often precede the dementia in these diseases (Terry and Katzman,
2001; Selkoe, 2002), the demonstration of a relationship between
microglia and synaptic function is thus of potentially high diag-
nostic and therapeutic interest.
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